Introduction
Optic neuritis (ON) is an acute multiaetiological inflammatory condition affecting the optic nerve and is highly associated with MS. Optic neuritis (ON) manifest as decline in visual functions that develops over days and is associated with relative pupillary afferent defect, dyschromatopsia, visual field loss and pain that is often exacerbated by eye movements (Cramer et al. 2015) . In 15-25% of patients suffering from MS, ON is the first clinical event and 50-60% of those develop ON at some point during disease course (Berg et al. 2015) . Optic neuritis (ON) may also occur in neuromyelitis optica Devic, infection or autoimmune diseases (Galetta et al. 2015) . For a long time, MS was considered primarily a demyelinating disease, but recently, the focus shifted mainly to axonal loss, as it is associated with the degree of persistent visual dysfunction after ON (Henderson et al. 2011) .
The retina is an ideal visual structure to assess the axonal loss because it lacks myelin and contains ganglion cells (Hu et al. 2015) . Based on recent studies, OCT is promising for monitoring central nervous system disease and perhaps for diagnostic purposes (Costello 2011) . Automatic retinal oximetry is a noninvasive method that is used for the assessment of oxygen saturation in retinal vessels and it was introduced by Hardarson et al. (2006) . This method can detect metabolic changes and it has become widely used in a spectrum of different retinal diseases (Hardarson 2013) . Recently, Einarsdottir et al. (2015) used the retinal oximetry on patients with Alzheimer's disease as the first neurological condition. The purpose of our pilot study was to test whether there are oxygen saturation changes in patients with ON related to MS.
Materials and Methods

Subjects
Thirty-two MS patients with a history of an acute ON within previous 3 months with no systematic steroid treatment and 20 healthy control subjects (HCs) were included. All patients were treated at the University Hospital in Olomouc MS Centre, Czech Republic. The control group consisted of 28 age-and sex-matched disease-free persons with no history of visual problems and no evidence of demyelination disorder. Patients with diabetes, glaucoma, refractive errors greater or equal AE6 dioptres were excluded from the study. Based on published studies, patients with optic disease such as agerelated macular degeneration (Geirsdottir et al. 2014) , cataract (Chen et al. 2016 ) and after vitrectomy ( S ın et al. 2016) were also excluded. Multiple sclerosis (MS) diagnosis was confirmed by the treating neurologist based on the 2010 revised McDonald criteria (Polman et al. 2011) . Of the 32 patients, 22 were diagnosed with CIS and 10 suffered from RRMS. All participants gave informed consent to participation in the study, which followed the tenets of the Declaration of Helsinki. Patients with MS underwent OCT, oximetry and VEP not more than 3 months after the onset of acute ON.
Optical coherence tomography
The retinal imaging was performed using Cirrus high domain (HD)-OCT model 4000, software version 5.2.0.210 (Carl Zeiss Meditec, Dublin, CA, USA). The function of this device is described elsewhere (Warner et al. 2011) . Before measurement, the pupil was dilated to a diameter of approximately 5 mm using 1% tropicamide eye drops (Mydriacyl; S.A. AlconCouvreur N.V., Puurs, Belgium). Peripapillary scans were obtained with the Optic Disc Cube 200x200 protocol centred on the optic disc (Fig. 1) .
Automatic retinal oximetry
An automated oximeter Oxymap T1 (Oxymap ehf, Reykjavik, Iceland) was used. Oxymap is based on a fundus camera (Topcon DX-50; Topcon inc., Tokyo, Japan), which measures haemoglobin oxygen in retinal vessels using the difference in light absorbance at 570 and 600 nm. Details of the device are described elsewhere (Geirsdottir et al. 2012) . A standardized technique was used in all participants. In brief: we used a dark room to avoid the influence of light (Hardarson et al. 2009 ). Fundus photographs in 50°field focused on the temporal edge of the optic disc and we set the light flash at 50 W. Image analyses were performed following a standardised protocol (Oxymap protocol for acquisition and analysis of Oxymap T1 oximetry images, version 21 November 2013; Oxymap ehf). All our analyses were performed using the software OXYMAP ANALYZER (version 3.1.4; Oxymap ehf) and all of them were performed by a single blinded examiner. In each image, the oxygen saturation was measured in all retinal arteries and veins with more than 8 pixels in width in the measurement zone. The measurement zone was marked by two circles concentric with the optic disc, with diameters 1.5 times and three times larger than the diameter of the optic disc. Only retinal vessel segments with a minimum length of 100 pixels were included. For branching vessels, the parent branch was measured. If the parent branch was <100 pixels in length, daughter branches were measured. At vessel crossings, the distal segment was chosen unless this segment was <100 pixels in length, in which case the proximal segment was measured. The localization by quadrant for each vessel segment was assigned according to the end-point of the vessel. Overall retinal oxygen saturation level was calculated as the sum of all retinal oxygen saturation measurements multiplied by the diameter of each vessel to the fourth power, further divided by the sum of diameter of each vessel in the fourth power (Feke et al. 1989; Traustason et al. 2011) . The AVD was calculated as the difference between retinal arterial oxygen saturation and retinal venous oxygen saturation (Traustason et al. 2011) . We used the same analysis in our previous work where the proper description can be found ( S ın et al. 2016 ).
Visual evoked potentials
The full field VEP was performed at 100 cm distance using the Metronic Keypoint Ò , Minneapolis, MN, USA. All subjects underwent monocular pattern reversal stimulation: the visual field was stimulated with a single chequerboard pattern at 2 Hz frequency. The skin electrode net was placed with Fz, Oz and on lateral positions (right and left), and impedances were kept below 5 kOhm. A fixation spot was placed in the centre of the screen during stimulation. We reported series of N75, P100 and N135 peaks, and then, we measured the latency and the amplitude of the first positive peak (P100 wave). Latency and amplitude of P100 wave were evaluated individually. A P100 latency more than 118 ms or asymmetry larger than 6 ms on any side was considered abnormal. In patients with MS, VEP characteristically show a delayed P100 component with relative preservation of amplitude in the ON affected eye (Kolappan et al. 2009 ). Visual evoked potentials (VEP) amplitude reduction reflects functional impairment of axonal conduction (Galetta et al. 2015) . A subset of patients with ON shows changes in amplitude at the onset, Jenkins et al. (2010) observed a correlation between the severity of an attack of ON and the acute reduction in VEP amplitude. The amplitude shows some recovery within 3-4 months after ON attack due to resolution of oedema, but the latency remains increased, which is thought to result from demyelination of surviving axons (Galetta et al. 2015) .
Statistical analysis
Prerequisites of statistical computations were evaluated using a visual inspection of data and Shapiro-Wilk normality tests. All data except for OCT were normally distributed. Data were expressed as a mean and a standard deviation or as a median and interquartile range. Differences among three independent groups were analysed using the ANOVA or Kruskal-Wallis test and post hoc tests with Bonferroni correction. Differences between two independent groups were determined using the t-test or MannWhitney U-test. Fisher's exact test was used to analyse categorical data. Correlation was verified using Pearson correlation coefficient. Tests with pvalue <0.05 were considered statistically significant. All statistical analyses were conducted with IBM SPSS Statistics 23 (IBM Corporation, 2015) .
Results
A group of 60 subjects was investigated. Optical coherence tomography (OCT), VEP and oximetry were performed in 32 patients with CIS or RRMS (22 females, 10 males; median age of 32.5 years), and 28 HCs (20 females, eight males; median age of 30 years). No statistically significant e311 Acta Ophthalmologica 2018 differences in demographic data were found between these two groups using two-sample t-test. The demographic data are shown in Table 1 .
The data from investigated subjects were divided into three groups: patients 0 affected eye (PAE), patients 0 unaffected eye (PUE) and HCs, and the differences among these three groups were analysed, Table 2 . In PAE group, VEP latency and amplitude were significantly higher than in PUE and in HCs (VEP latency p < 0.0001, VEP amplitude p = 0.0003, Bonferroni post hoc tests), see Nevertheless, there were significant correlations between oxygen saturation values and VEP in healthy controls (see Table 3 ).
Discussion
Our results suggest that retinal oxygenation is affected in patients with ON and retinal oximetry could be a useful investigation method in patients with ON related to MS. To the best of our knowledge, this is the second report, after Lucero et al. (2015) , using retinal oximetry in patients with MS. However, our pilot study focuses on the acute phase of ON.
In our study, the results of the VEP analysis are consistent with previous reports (Kjaer 1983) . The significant P100 wave latency increase compared to both HCs and the unaffected eye of patients with MS indicates that VEP is a very sensitive method for evaluation of the acute phase of ON. The method can be used to detect early functional changes in the optic nerve axons.
Even though not statistically significant, RNFL thickness seemed to be increased in patients with ON compared to healthy controls and decreased compared to the unaffected eye in patients with MS. This is consistent with previous papers where OCT was used in patients with MS, neuromyelitis optica spectrum disorders and other neurodegenerative diseases to quantify the damage of RNFL and ganglion cell layer (Manogaran et al. 2016 ). The OCT is more appropriate for assessment of the later stages of the disease but is not suitable for acute ON (Pro et al. 2006; Lamirel et al. 2009 ).
According to Mohan et al. (2016) , changes in RNFL thickness can influence the oximetry measurement accuracy due to changes in reflectance. This could potentially explain why significant group differences were only observed in AVD. Namely, it could be expected that any artefacts caused by changes in reflectance would mutually cancel each other out and leave AVD unaffected. Nevertheless, as no significant changes in RNFL thickness were detected in our study, we assume that our results are unaffected or almost unaffected by changes in reflectance.
Results of the retinal oximetry analysis showed statistically significant changes in AVD in PAE compared to PUE. An apparent trend for lower AVD was observed in HCs (PAE versus HCs; 34.2% versus 32.5%), but it was not statistically significant. This might be caused by interindividual differences in baseline between patients and HCs. That supports the notion that the fellow eye is more suitable than healthy control for retinal saturation assessment. Moreover, the fellow eye is more reachable for potential future clinical use. From our point of view, it is remarkable that the AVD values Males/females 4/10 (29%/71%) 10/22 (31%/69%) 1 MS = multiple sclerosis, n = number, ON = optic neuritis, SD = standard deviation. followed the same pattern as the RNFL thickness values measured by OCT (increased in PAE and decreased in PUE compared to HCs). The AVD, however, seems to be more sensitive in the acute phase of ON because it reached the threshold of statistical significance.
During the acute phase of ON, an increase in the pressure in the optic nerve due to inflammation could be expected and one would assume changes in blood flow in the central retina vessels as well. However, this evidence in current literature on ocular and periocular dynamics is inconsistent. Akarsu et al. (2004) reported impaired retrobulbar haemodynamics especially in the posterior ciliary and central retinal arteries after ON. An alteration of the blood flow was described by Modrzejewska et al. (2007) , who also found diminishing blood flow velocity parameters and vascular resistance in posterior ciliary and central retinal arteries. Different results were published by Hrad ılek et al. (2009) who reported increased peak systolic velocities and resistance during acute unilateral ON in patients with MS, and also by Karaali et al. (2003) observed also increased peak systolic and end diastolic velocities in patients with acute ON. Some papers reported unaffected blood flow (Karami et al. 2012) . Based on this evidence, it is difficult to create a consistent explanation of changes in retinal saturation related to changes in retinal blood flow velocity and volume.
In our opinion, the changes in AVD could be more likely explained by the changes in retinal oxygen consumption. Decrease of AVD could be explained by neuronal atrophy. This is the same mechanism like in other atrophic disease like retinitis pigmentosa and glaucoma and Alzheimer's disease (Olafsdottir et al. 2011; Eysteinsson et al. 2014; Einarsdottir et al. 2015) . For future studies, it would be interesting to evaluate whether the degree of neuronal atrophy is related to MS severity and if so, whether retinal oximetry could be used as another tool for monitoring the progression of the disease. Atrophic changes could explain the small decrease of AVD and RNFL thickness in PUE. This could reflect preclinical changes of neural (brain) tissue. On the other hand, increase in AVD in acute ON would suggest higher metabolic demands of the retina. Although retina itself is only rarely affected by ON, RNFL consists of ganglion cells axons that can be affected by axonal inflammation, which could lead to increased oxygen consumption and metabolic demands of ganglion cells as described in experimental ON in mice models (Shindler et al. 2008) . Because of the innermost location of the ganglion cells in the retina, changes in their metabolism could be significant contributor to the changes in retinal oximetry values.
Interestingly, the significant correlation between oxygen saturation values (VS and AVD) and VEP (latency and amplitude) was observed only in healthy controls and not in affected patients (see Table 3 ). To the best of our knowledge, this is the first report of such correlation in healthy individuals. Explanation for its existence in healthy individuals and its disruption in patients with MS is not clear and need future studies. Remaining conventions see Fig. 1 . Note that PAE show significantly higher average AVD than PUE (p = 0.044). PAE = patients' affected eye, PUE = patients' unaffected eye.
Although the observed changes in oxygen saturation are on the edge of statistical significance, our study represent one of the first reports of metabolic changes in ON related to MS. Even though this is a pilot crosssectional study, it reveals a new possible future application of the automatic retinal oximetry. Future studies with follow-up and larger sample size are necessary in this field.
Conclusion
Retinal oxygen metabolism is affected in patients with acute ON. In the early stage of ON, AVD could reflect inflammatory and metabolic changes in the affected eye, based on these results, we consider the automatic retinal oximetry as a promising tool for diagnostics in ON, but further studies are needed in this field. Table shows correlation between visual evoked potentials (VEP) and retinal arterial saturation (AS) in %; retinal venous saturation (VS) in %; and arterio-venous difference (AVD) in %, bold highlight is statistically significant. VEP values: latency of P100 wave in ms, P100 amplitude in mV.
Further abbreviations: HCs = healthy controls, PAE = patients' affected eye, PUE = patients' unaffected eye, p-value, r-correlation coefficient.
